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PREFACE 



The first edition of the Shock and Vibration Handbook in 1961 brought together for 
the first time a comprehensive survey of classical shock and vibration theory and 
current applications of that theory to contemporary engineering practice. Edited by 
Cyril M. Harris and the late Charles E. Crede, the book was translated into several 
languages and became the standard reference work throughout the world. The Sec- 
ond Edition appeared in 1976, the Third Edition in 1988, and the Fourth Edition in 
1996. 

There have been many important developments in the field since the Fourth 
Edition was published, including advances in theory, new applications of computer 
technologies, new methods of shock and vibration control, new instrumentation, 
and new materials and techniques used in controlling shock and vibration. Many 
new standards and test codes have also been enacted. These developments have 
necessitated this Fifth Edition, which covers them all and presents a thorough, 
unified, state-of-the-art treatment of the field of shock and vibration in a single 
volume that is approximately 10 percent longer than its predecessor edition. A new 
co-editor, highly regarded as an author in his own right, has collaborated with an 
original editor in this endeavor. The book brings together a wide variety of skills 
and expertise, resulting in the most significant improvements in the Handbook 
since the First Edition. 

New chapters have been added and many other chapters updated, revised, or 
expanded to incorporate the latest developments. Several chapters written by 
authors who are now deceased have been revised and updated by the editors, but the 
credits to the original authors are retained in recognition of their outstanding con- 
tributions to shock and vibration technology. (For convenience, and to retain as 
closely as possible the chapter sequence of prior editions, several chapters have been 
designated Part II or III of an associated chapter.) The editors have avoided dupli- 
cation of content between chapters except when such repetition is advisable for rea- 
sons of clarity. In general, chapters in related areas are grouped together whenever 
possible. The first group of chapters presents a theoretical basis for shock and vibra- 
tion. The second group considers instrumentation and measurement techniques, as 
well as procedures for analyzing and testing mechanical systems subjected to shock 
and vibration. The third group discusses methods of controlling shock and vibration, 
and the design of equipment for shock and vibration environments. A final chapter 
presents the effects of shock and vibration on human beings, summarizing the latest 
findings in this important area. Extensive cross-references enable the reader to 
locate relevant material in other chapters. The Handbook uses uniform terminology, 
symbols, and abbreviations throughout, and usually both the U.S. Customary System 
of units and the International System of units. 

The 42 chapters have been written by outstanding authorities, all of them experts 
in their fields. These specialists come from industrial organizations, government and 
university laboratories, or consulting firms, and all bring many years of experience to 
their chapters. They have made a special effort to make their chapters as accessible 
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as possible to the nonspecialist, including the use of charts and written explanations 
rather than highly technical formulas when appropriate. 

Over the decades, the Handbook has proven to be a valuable working reference 
for those engaged in many areas of engineering, among them aerospace, automotive, 
air-conditioning, biomedical, civil, electrical, industrial, mechanical, ocean, and 
safety engineering, as well as equipment design and equipment maintenance engi- 
neering. Although this book is not intended primarily as a textbook, it has been 
adopted for use in many universities and engineering schools because its rigorous 
mathematical basis, combined with its solutions to practical problems, are valuable 
supplements to classroom theory. 

We thank the contributors to the Fifth Edition for their skill and dedication in the 
preparation of their chapters and their diligence in pursuing our shared objective of 
making each chapter the definitive treatment in its field; in particular, we thank 
Harry Himelblau for his many helpful suggestions. We also wish to express our 
appreciation to the industrial organizations and government agencies with which 
many of our contributors are associated for clearing for publication the material 
presented in their chapters. Finally, we are indebted to the standards organizations 
of various countries — particularly the American National Standards Institute 
(ANSI), the International Standards Organization (ISO), and the International 
Electrotechnical Commission (IEC) — as well as to their many committee members 
whose selfless efforts have led to the standards cited in this Handbook. 

The staff members of the professional book group at McGraw-Hill have done an 
outstanding job in producing this new edition. We thank them all, and express our 
special appreciation to the production manager, Tom Kowalczyk, for his support. 



Cyril M. Harris 
Allan G. Pier sol 
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CHAPTER 1 

INTRODUCTION 
TO THE HANDBOOK 



Cyril M. Harris 



CONCEPTS OF SHOCK AND VIBRATION 



Vibration is a term that describes oscillation in a mechanical system. It is defined by 
the frequency (or frequencies) and amplitude. Either the motion of a physical object 
or structure or, alternatively, an oscillating force applied to a mechanical system is 
vibration in a generic sense. Conceptually, the time-history of vibration may be con- 
sidered to be sinusoidal or simple harmonic in form. The frequency is defined in 
terms of cycles per unit time, and the magnitude in terms of amplitude (the maxi- 
mum value of a sinusoidal quantity). The vibration encountered in practice often 
does not have this regular pattern. It may be a combination of several sinusoidal 
quantities, each having a different frequency and amplitude. If each frequency com- 
ponent is an integral multiple of the lowest frequency, the vibration repeats itself 
after a determined interval of time and is called periodic. If there is no integral rela- 
tion among the frequency components, there is no periodicity and the vibration is 
defined as complex. 

Vibration may be described as deterministic or random. If it is deterministic, it 
follows an established pattern so that the value of the vibration at any designated 
future time is completely predictable from the past history. If the vibration is ran- 
dom, its future value is unpredictable except on the basis of probability. Random 
vibration is defined in statistical terms wherein the probability of occurrence of des- 
ignated magnitudes and frequencies can be indicated. The analysis of random vibra- 
tion involves certain physical concepts that are different from those applied to the 
analysis of deterministic vibration. 

Vibration of a physical structure often is thought of in terms of a model consist- 
ing of a mass and a spring. The vibration of such a model, or system, may be “free” 
or “forced.” In free vibration, there is no energy added to the system but rather the 
vibration is the continuing result of an initial disturbance. An ideal system may be 
considered undamped for mathematical purposes; in such a system the free vibra- 
tion is assumed to continue indefinitely. In any real system, damping (i.e., energy dis- 
sipation) causes the amplitude of free vibration to decay continuously to a negligible 
value. Such free vibration sometimes is referred to as transient vibration. Forced 
vibration, in contrast to free vibration, continues under “steady-state” conditions 
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because energy is supplied to the system continuously to compensate for that dissi- 
pated by damping in the system. In general, the frequency at which energy is sup- 
plied (i.e., the forcing frequency) appears in the vibration of the system. Forced 
vibration may be either deterministic or random. In either instance, the vibration of 
the system depends upon the relation of the excitation or forcing function to the 
properties of the system. This relationship is a prominent feature of the analytical 
aspects of vibration. 

Shock is a somewhat loosely defined aspect of vibration wherein the excitation is 
nonperiodic, e.g., in the form of a pulse, a step, or transient vibration. The word shock 
implies a degree of suddenness and severity. These terms are relative rather than 
absolute measures of the characteristic; they are related to a popular notion of the 
characteristics of shock and are not necessary in a fundamental analysis of the appli- 
cable principles. From the analytical viewpoint, the important characteristic of shock 
is that the motion of the system upon which the shock acts includes both the fre- 
quency of the shock excitation and the natural frequency of the system. If the exci- 
tation is brief, the continuing motion of the system is free vibration at its own natural 
frequency. 

The technology of shock and vibration embodies both theoretical and experi- 
mental facets prominently. Thus, methods of analysis and instruments for the meas- 
urement of shock and vibration are of primary significance. The results of analysis 
and measurement are used to evaluate shock and vibration environments, to devise 
testing procedures and testing machines, and to design and operate equipment and 
machinery. Shock and/or vibration may be either wanted or unwanted, depending 
upon circumstances. For example, vibration is involved in the primary mode of oper- 
ation of such equipment as conveying and screening machines; the setting of rivets 
depends upon the application of impact or shock. More frequently, however, shock 
and vibration are unwanted. Then the objective is to eliminate or reduce their sever- 
ity or, alternatively, to design equipment to withstand their influences. These proce- 
dures are embodied in the control of shock and vibration. Methods of control are 
emphasized throughout this Handbook. 



CONTROL OF SHOCK AND VIBRATION 



Methods of shock and vibration control may be grouped into three broad categories: 

1. Reduction at the Source 

a. Balancing of Moving Masses. Where the vibration originates in rotating or 
reciprocating members, the magnitude of a vibratory force frequently can be 
reduced or possibly eliminated by balancing or counterbalancing. For example, 
during the manufacture of fans and blowers, it is common practice to rotate 
each rotor and to add or subtract material as necessary to achieve balance. 

b. Balancing of Magnetic Forces. Vibratory forces arising in magnetic effects of 
electrical machinery sometimes can be reduced by modification of the mag- 
netic path. For example, the vibration originating in an electric motor can be 
reduced by skewing the slots in the armature laminations. 

c. Control of Clearances. Vibration and shock frequently result from impacts 
involved in operation of machinery. In some instances, the impacts result from 
inferior design or manufacture, such as excessive clearances in bearings, and 
can be reduced by closer attention to dimensions. In other instances, such as 
the movable armature of a relay, the shock can be decreased by employing a 
rubber bumper to cushion motion of the plunger at the limit of travel. 
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2. Isolation 

a. Isolation of Source. Where a machine creates significant shock or vibration 
during its normal operation, it may be supported upon isolators to protect 
other machinery and personnel from shock and vibration. For example, a forg- 
ing hammer tends to create shock of a magnitude great enough to interfere 
with the operation of delicate apparatus in the vicinity of the hammer. This 
condition may be alleviated by mounting the forging hammer upon isolators. 

b. Isolation of Sensitive Equipmen t. Equipment often is required to operate in 
an environment characterized by severe shock or vibration. The equipment 
may be protected from these environmental influences by mounting it upon 
isolators. For example, equipment mounted in ships of the navy is subjected to 
shock of great severity during naval warfare and may be protected from dam- 
age by mounting it upon isolators. 

3. Reduction of the Response 

a. Alteration of Natural Frequency. If the natural frequency of the structure of 
an equipment coincides with the frequency of the applied vibration, the vibra- 
tion condition may be made much worse as a result of resonance. Under such 
circumstances, if the frequency of the excitation is substantially constant, it 
often is possible to alleviate the vibration by changing the natural frequency 
of such structure. For example, the vibration of a fan blade was reduced sub- 
stantially by modifying a stiffener on the blade, thereby changing its natural 
frequency and avoiding resonance with the frequency of rotation of the blade. 
Similar results are attainable by modifying the mass rather than the stiffness. 

b. Energy Dissipation. If the vibration frequency is not constant or if the vibra- 
tion involves a large number of frequencies, the desired reduction of vibration 
may not be attainable by altering the natural frequency of the responding sys- 
tem. It may be possible to achieve equivalent results by the dissipation of 
energy to eliminate the severe effects of resonance. For example, the housing 
of a washing machine may be made less susceptible to vibration by applying a 
coating of damping material on the inner face of the housing. 

c. Auxiliary Mass. Another method of reducing the vibration of the respond- 
ing system is to attach an auxiliary mass to the system by a spring; with proper 
tuning the mass vibrates and reduces the vibration of the system to which it is 
attached. For example, the vibration of a textile-mill building subjected to the 
influence of several hundred looms was reduced by attaching large masses to 
a wall of the building by means of springs; then the masses vibrated with a 
relatively large motion and the vibration of the wall was reduced. The incor- 
poration of damping in this auxiliary mass system may further increase its 
effectiveness. 



CONTENT OF HANDBOOK 



The chapters of this Handbook each deal with a discrete phase of the subject of 
shock and vibration. Frequent references are made from one chapter to another, to 
refer to basic theory in other chapters, to call attention to supplementary informa- 
tion, and to give illustrations and examples. Therefore, each chapter when read with 
other referenced chapters presents one complete facet of the subject of shock and 
vibration. 

Chapters dealing with similar subject matter are grouped together. The first 11 
chapters following this introductory chapter deal with fundamental concepts of 
shock and vibration. Chapter 2 discusses the free and forced vibration of linear sys- 
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terns that can be defined by lumped parameters with similar types of coordinates. 
The properties of rigid bodies are discussed in Chap. 3, together with the vibration 
of resiliently supported rigid bodies wherein several modes of vibration are coupled. 
Nonlinear vibration is discussed in Chap. 4, and self-excited vibration in Chap. 5. 
Chapter 6 discusses two degree-of-freedom systems in detail — including both the 
basic theory and the application of such theory to dynamic absorbers and auxiliary 
mass dampers. The vibration of systems defined by distributed parameters, notably 
beams and plates, is discussed in Chap. 7. Chapters 8 and 9 relate to shock; Chap. 8 
discusses the response of lumped parameter systems to step- and pulse-type excita- 
tion, and Chap. 9 discusses the effects of impact on structures. Chapter 10 discusses 
applications of the use of mechanical impedance and mechanical admittance meth- 
ods. Then Chap. 11 presents statistical methods of analyzing vibrating systems. 

The second group of chapters is concerned with instrumentation for the measure- 
ment of shock and vibration. Chapter 12 includes not only piezoelectric and piezo- 
resistive transducers, but also other types such as force transducers (although strain 
gages are described in Chap. 17). The electrical instruments to which such transducers 
are connected (including various types of amplifiers, signal conditioners, and re- 
corders) are considered in detail in Chap. 13. Chapter 14 is devoted to the important 
topics of spectrum analysis instrumentation and techniques. The use of all such equip- 
ment in making vibration measurements in the field is described in Chap. 15. There has 
been increasing use of vibration measurement equipment for monitoring the mechan- 
ical condition of machinery, as an aid in preventive maintenance; this is the subject of 
Chap. 16. The calibration of transducers. Chap. 18, is followed by Chap. 19 on national 
and international standards and test codes related to shock and vibration. 

A discussion of test criteria and specifications is given in Chap. 20, followed by a 
comprehensive chapter on modal analysis and testing in Chap. 21. Chapters 22 and 
23 discuss data analysis, in conjunction with Chap. 14; the first of these two chapters 
is primarily concerned with an analysis of vibration data and the second is concerned 
with shock data. Vibration that is induced in buildings, as a result of ground motion, 
is described in Chap. 24. Then Chap. 25 considers vibration testing machines, fol- 
lowed by Chap. 26 on conventional shock testing and pyrotechnic shock testing 
machines. 

The next two chapters deal with computational methods. Chapter 27 is concerned 
with applications of computers, presenting information that is useful in both analyt- 
ical and experimental work. This is followed by Chap. 28, which is in two parts: Part 
I describes modern matrix methods of analysis, dealing largely with the formulation 
of matrices for use with digital computers and other numerical calculation methods; 
the second part shows how finite element methods can be applied to the solution of 
shock and vibration problems by the use of computer techniques. 

Part I of Chap. 29 describes vibration that is induced as a result of air flow, the 
second part discusses vibration that is induced by the flow of water, and the third 
part is concerned with the response of structures to acoustic environments. 

The theory of vibration isolation is discussed in detail in Chap. 30, and an analo- 
gous presentation for the isolation of mechanical shock is given in Chap. 31. Various 
types of isolators for shock and vibration are described in Chap. 32, along with the 
selection and practical application of such isolators. The relatively new field of active 
vibration control is described in Chap. 33. A presentation is given in Chap. 34 on the 
engineering properties of rubber, followed by a presentation of the engineering 
properties of metals (including conventional fatigue) and the engineering properties 
of composite materials in Chap. 35. 

An important method of controlling shock and vibration involves the addition of 
damping or energy-dissipating means to structures that are susceptible to vibration. 
Chapter 36 discusses the general concepts of damping together with the application 
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of such concepts to hysteresis and slip damping. The application of damping materi- 
als to devices and structures is described in Chap. 37. 

The latter chapters of the Handbook deal with the specific application of the 
fundamentals of analysis, methods of measurement, and control techniques — where 
these are developed sufficiently to form a separate and discrete subject. Torsional 
vibration is discussed in Chap. 38, with particular application to internal-combustion 
engines. The balancing of rotating equipment is discussed in Chap. 39, and balancing 
machines are described. Chapter 40 describes the special vibration problems associ- 
ated with the design and operation of machine tools. Chapter 41 describes proce- 
dures for the design of equipment to withstand shock and vibration — both the 
design and practical aspects. A comprehensive up-to-date discussion of the human 
aspects of shock and vibration is considered in Chap. 42, which describes the effects 
of shock and vibration on people. 

SYMBOLS AND ACRONYMS 

This section includes a list of symbols and acronyms generally used in the Hand- 
book. Symbols of special or limited application are defined in the respective chap- 
ters as they are used. 



Symbol 



Meaning 



a radius 

A/D analog-to-digital 

ANSI American National Standards Institute 

ASTM American Society for Testing and Materials 

B bandwidth 

B magnetic flux density 

BSI British Standards Institution 

c damping coefficient 

c velocity of sound 

c c critical damping coefficient 

C capacitance 

CPU central processing unit 

CSIRO Commonwealth Scientific and Industrial Research Organisation 

D diameter 

D/A digital-to-analog 

DFT discrete Fourier transform 

DSP discrete signal processor 

e electrical voltage 

e eccentricity 

E energy 

E modulus of elasticity in tension and compression (Young’s modulus) 

/ frequency 

/„ undamped natural frequency 

f undamped natural frequencies in a multiple degree-of-freedom system, 

where i = 1,2,... 

f d damped natural frequency 

f r resonance frequency 

F force 

ff Coulomb friction force 

FEM finite element method, finite element model 

FFT fast Fourier transform 
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G 

h 

H 

Hz 

i 

h 

h 

h 

ic 

ISO 

3 

i 

j 

j 

k 

k, 

1 

L 

m 

m u 

M 

M 

m 

MIMO 

n 

NEMA 

NIST 

P 

P 

P 

P 

<7 

Q 

r 

R 

SK 

s 

S 

SEA 

SIMO 

SCC 

t 

t 

T 

T 

v 

V 

w 

W 

w 

w e 

w, 

x 

y 

z 



acceleration of gravity 
modulus of elasticity in shear 
height, depth 
magnetic field strength 
hertz 

electric current 

area or mass moment of inertia (subscript indicates axis 
polar moment of inertia 

area or mass product of inertia (subscripts indicate axes 
integrated circuit 

International Standards Organization 
imaginary part of 

Vn 

inertia constant (weight moment of inertia) 
impulse 

spring constant, stiffness, stiffness constant 

rotational (torsional) stiffness 

length 

inductance 

mass 

unbalanced mass 
torque 

mutual inductance 
mobility 

multiple input, multiple output 
number of coils, supports, etc. 

National Electrical Manufacturers Association 

National Institute of Standards and Technology 

alternating pressure 

probability density 

probability distribution 

static pressure 

electric charge 

resonance factor (also ratio of reactance to resistance) 

electrical resistance 

radius 

real part of 

arc length 

area of diaphragm, tube, etc. 
statistical energy analysis 
single input, multiple output 
Standards Council of Canada 
thickness 
time 

transmissibility 
kinetic energy 
linear velocity 
potential energy 
width 
weight 
power 

spectral density of the excitation 
spectral density of the response 
linear displacement in direction of X axis 
linear displacement in direction of Y axis 
linear displacement in direction of Z axis 
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Z impedance 

a rotational displacement about X axis 

(i rotational displacement about Y axis 

y rotational displacement about Z axis 

y shear strain 

Y weight density 

S deflection 

8„ static deflection 

A logarithmic decrement 

e tension or compression strain 

£ fraction of critical damping 

r| stiffness ratio, loss factor 

0 phase angle 

X wavelength 

g coefficient of friction 

g mass density 

g mean value 

v Poisson’s ratio 

p mass density 

pi radius of gyration (subscript indicates axis) 

a Poisson’s ratio 

a normal stress 

a root-mean-square (rms) value 

T period 

x shear stress 

<|) magnetic flux 

® phase angle 

i|t phase angle 

T standard deviation 

(0 forcing frequency — angular 

co„ undamped natural frequency — angular 

( 0 , undamped natural frequencies — angular — in a multiple degree-of-freedom 

system, where ( = 1,2,... 

(D,i damped natural frequency — angular 

( 0 , resonance frequency — angular 

Q rotational speed 

= approximately equal to 



CHARACTERISTICS OF HARMONIC MOTION 



Harmonic functions are employed frequently in the analysis of shock and vibration. 
A body that experiences simple harmonic motion follows a displacement pattern 
defined by 



x = .to sin (2nft) = x 0 sin u>r (1.1) 

where /is the frequency of the simple harmonic motion, co = 27t/is the corresponding 
angular frequency, and x 0 is the amplitude of the displacement. 

The velocity x and acceleration x of the body are found by differentiating the dis- 
placement once and twice, respectively: 

x = x 0 (2nf) cos 2nft = x 0 co cos cot 

x = -x 0 (2nf) 2 sin 2nft = -x 0 co 2 sin cor 



( 1 . 2 ) 

(1.3) 
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The maximum absolute values of the displacement, velocity, and acceleration of a 
body undergoing harmonic motion occur when the trigonometric functions in Eqs. 
(1.1) to (1.3) are numerically equal to unity. These values are known, respectively, as 
displacement, velocity, and acceleration amplitudes; they are defined mathemati- 
cally as follows: 



x 0 = x 0 x 0 = (2nf)x 0 x 0 = (2n f) 2 x a (1.4) 

It is common to express the displacement amplitude x 0 in inches when the 
English system of units is used and in centimeters or millimeters when the metric 
system is used. Accordingly, the velocity amplitude x 0 is expressed in inches per sec- 
ond in the English system (centimeters per second or millimeters per second in the 
metric system). For example, consider a body that experiences simple harmonic 



TABLE 1 . 1 Conversion Factors for Translational Velocity and Acceleration 



Multiply 
Value in 
or 
By 

To obtain 
value in 


— > 
— > 

\ 

i 


g- sec, 

9 


ft/sec 

ft/sec 2 


in./sec 

in./sec 2 


cm/sec 

cm/sec 2 


m/sec 

m/sec 2 


g- sec, 
9 




i 


0.0311 


0.00259 


0.00102 


0.102 


ft/sec 

ft/sec 2 




32.16 


1 


0.0833 


0.0328 


3.28 


in./sec 

in./sec 2 




386 


12.0 


1 


0.3937 


39.37 


cm/sec 

cm/sec 2 




980 


30.48 


2.540 


1 


100 


m/sec 

m/sec 2 




9.80 


0.3048 


0.0254 


0.010 


1 



TABLE 1 .2 Conversion Factors for Rotational Velocity and Acceleration 



Multiply 
Value in — » 
or — > 

B y \ 

To obtain 
value in i 


rad/sec 

rad/sec 2 


degree/sec 

degree/sec 2 


rev/sec 

rev/sec 2 


rev/min 

rev/min/sec 


rad/sec 

rad/sec 2 


1 


0.01745 


6.283 


0.1047 


degree/sec 

degree/sec 2 


57.30 


1 


360 


6.00 


rev/sec 

rev/sec 2 


0.1592 


0.00278 


1 


0.0167 


rev/min 

rev/min/sec 


9.549 


0.1667 


60 


1 



